ABSTRACT: The role of nickel in soils of tropical areas under the application of sewage sludge is still not very well known. This study was carried out under greenhouse conditions in Jaboticabal, São Paulo State, Brazil, with the objective of evaluating the impact of the application of sewage sludge previously contaminated with rates of nickel (329, 502, 746 and 1119 mg kg -1 , dry basis) on a soil cropped with sorghum, in relation to soil enzyme activity and soil microbial biomass. Soil samples were collected at the beginning and the end of the experiment. The experimental design was completely randomized, with five treatments (control and four rates of Ni in the sewage sludge) and four replications. C and N of the soil microbial biomass and enzyme activities (acid and alkaline phosphatases) were sensitive indicators for impact evaluation caused by sewage sludge contaminated with nickel. There were positive correlations between "total" and extractable nickel (Mehlich 1) with C-microbial biomass and negative with the microbial C/N relationship. N-microbial biomass correlated positively with "total" and extractable Ni at the last sampling. At the end of the experiment, the acid phosphatase activity correlated negatively with "total" Ni while the alkaline phosphatase correlated with both forms of the metal.
INTRODUCTION
The total content of nickel in soil depends on the Ni content of the parent material and on the application of fertilizers, sewage sludge and atmospheric deposition (Alloway, 1995) . Nickel accumulation in soil may be hazardous for plants, causing toxicity, and through them enter our food chain (Melo et al., 2004) . Soil microorganisms have important functions in the soil, like synthesis and decomposition of organic matter and nutrient cycling. Soil enzyme activities are responsible for soil organic matter decomposition and are involved in the supply of nutrients to crops (Nannipieri, 1994) . Soil enzyme activity is also sensitive to soil heavy metal pollution and it can therefore be used as a tool for monitoring modifications that occur in the soil environment caused by anthropogenic activities (Gianfreda & Bollag, 1996) . Moreno et al. (2003a) observed that phosphatase activity was the most sensitive soil enzyme to evaluate soil contamination by heavy metals. According to these authors, the other analyzed enzymes were in the following sequence: urease > β glicosidase > protease.
The objective of this study was to evaluate the effect of amending a Typic Haplustox with a pre-treated sewage sludge with increasing rates of Ni and cropping with sorghum, on soil microbial biomass and enzyme activity.
MATERIAL AND METHODS
The experiment was carried out under greenhouse conditions with controlled temperature (28 ± 5ºC) at Jaboticabal, São Paulo, Brazil (21°15' S; 48°15' W, 610 m above sea level). The soil was a Typic Haplustox collected from the top 0-20 cm soil layer presenting the following chemical properties (Raij et al., 1987) : pH (0.01 M CaCl 2 )= 5.0, OM= 8 g dm , Base Saturation= 48% and Nickel= 5.66 mg kg -1 (USEPA, 1986) . Soil samples were air dried, sieved to 5 mm and split into 20 plots of 9.3 kg (capacity of each pot), each receiving 2.6 g of dolomitic limestone in order to raise the base saturation to about 70%. After liming the soil was placed into polyethylene bags and incubated in the greenhouse for 30 days with moisture content of about 70% of the water retention capacity. After this period in which the soil pH changed to 5.8, the soil was removed from the bags, air dried, clods broken and sieved to 5 mm.
Sewage sludge was obtained from the sewage sludge treatment plant located in Barueri, within the Great São Paulo city, and presented the following chemical composition: N= 41 g kg , Zn= 2.695 mg kg -1 and Ni= 280 mg kg -1 (dry basis). Samples were air dried, crushed, sieved to 2 mm and split into the 16 plots of 0.5 kg (four Ni rates in the sewage sludge and four replications). To the four replicates of each treatment rates of NiCl 2 were added so that the Ni added plus the Ni present in the sewage sludge gave concentrations of the heavy metal in the sewage sludge of 280, 420, 630 and 945 mg kg -1 , dry basis (the treatment 280 mg kg -1 did not receive NiCl 2 ). The nickel chloride was well mixed to the sewage sludge and each plot received water to 70% of the water retention capacity. Sewage sludge was then placed into polyethylene bags and incubated in the greenhouse for 60 days. Weekly the bags were vigorously shaken in order to obtain the maximum reaction between the residue and the NiCl 2 . After the period of incubation the sewage sludge of each bag was air dried, sieved to 2 mm and analyzed for "total" Ni content (USEPA, 1986) . The pre-established rates of Ni in the different treatments were based on the CETESB (1999) limit of the metal concentration in sewage sludge for soil application, which is 420 mg kg -1 (dry basis). The experiment was installed in a complete randomized experimental design with five treatments (control, without sewage sludge, and sewage sludge pre-treated with four rates of Ni) and four replications.
The soil (9.3 kg) was placed into pots of 10 L capacity. At the beginning of the experiment, the control soil was fertilized with 1.4 Melo et al. (1998) . Distilled water was added to the soil to achieve 70% of the water capacity retention and sorghum was sown (10 seeds per pot of the hybrid Agroceres, IPUA/SP; Grain Sorghum, Family Safra CERTA). The sorghum was chosen as test plant since it can be cultivated in pots inside greenhouses until harvest and gives a good response to nickel (Melo et al., 1998) . When plants were about 10 cm high, the excess of plants was removed, keeping the two best plants per plot. Sixty days after sowing plants were dress fertilized (7.0 g ammonium sulphate and 2.92 g potassium chloride per pot in the control; 4.71 g ammonium sulphate and 2.16 g de potassium chloride in the treatments that received sewage sludge).
Soil samples were taken from each pot soon after the experiment was installed (0 d.a.i. -days af-ter the experiment was installed) and after sorghum harvest (128 d.a.i.). The samples were obtained with a polyethylene tube (2.5 cm diameter), collecting 3 simple samples from each pot, which were mixed to make a composite sample per pot. The samples for chemical analysis were air dried and sieved to 2 mm. "Total" Ni was determined by atomic absorption spectrometry in the extract obtained by hot digestion with concentrated HNO 3 , H 2 O 2 and HCl (USEPA, 1986). Extractable Ni was also evaluated by atomic absorption spectrometry, using the solution obtained by the Mehlich 1 extractor (Defelipo & Ribeiro, 1981) . The values of pH were obtained by potentiometry in 0.01 M CaCl 2 extracts, at a ratio of 1:5 w/v. Soil microbial biomass and enzyme activities were estimated on fresh samples immediately after sampling. Microbial biomass C and N were determined by the fumigation-extraction method (Vance et al., 1987) . Soil urease activity was evaluated by the method proposed by May & Douglas (1976) and the activities of phosphatases (acid and alkaline) were estimated by the method of Eivazi & Tabatabai (1977) .
The means of each treatment and each soil attribute were calculated and shown graphically with the respective cumulative standard errors. Correlation coefficients (r) between the "total" and extractable Ni contents with soil microbial biomass and enzyme activity were also calculated.
RESULTS AND DISCUSSION
During the period in which sewage sludge was incubated, some part of the Ni not determinated in the original sample was liberated, suggesting that probably the method USEPA (1986) did not achieve the determination of the real total content of Ni in the sewage sludge, so that the total Ni in different treatments were not 280, 420, 630 and 945, as intended, but really 329, 502, 746 and 1119 mg kg -1
. Ni enrichments of sewage sludge did not affect soil pH. It however decreased by about one unit at the end of the experiment (128 d.a.i., Figure 1 ). At the end of the experiment the soil pH was lower, which can be explained by plant growth and by the dislocation of H and Al from the colloidal complex, including Ni.
With the decomposition of the sewage sludge in the soil during the experiment the extractable Ni increased. A positive correlation (0.72*) between extractable Ni and soil pH at the beginning of the experiment (0 d.a.i.) was found (Table 1) .
Sewage sludge contaminated with Ni increased "total" and extractable Ni in the soil at the two sampling times (Figure 2 ). The concentrations of these two forms of Ni were higher at the end of the experiment.
Microbial biomass-C increased with the application of sewage sludge contaminated with the different nickel levels in the samples obtained at the end of Table 1 -Correlation coefficients (r) between soil contents of Ni (total and extractable) and soil enzyme activity, microbial biomass and pH. £ d.a.i. = days after the experiment was installed. § C, N, C/N = microbial biomass carbon, nitrogen biomass carbon C/N ratio in microbial biomass, respectively. *Significant at P < 0.05. the experiment and decreased with the highest rate in the samples obtained soon after the sewage was added to the soil ( Figure 3A) . When organic residues are applied to a soil, microorganisms use the C bounds as energy source and the C for the production of microbial organic material, resulting an increase of biomass (Haider et al., 1991) .
Microbial biomass-C decreased at the end of the experiment for all treatments ( Figure 3A) . "Total" Ni was higher in soil samples at the end of the experiment (except for the rate 746 mg kg -1 ) while the extractable Ni was higher in the treatments in which NiCl 2 was added to the sewage sludge. This decrease in microbial biomass-C may have been caused by an increase in the concentration of toxic elements during incubation. At the start of the experiment, the highest rate of Ni caused a decrease of this soil attribute, which was not observed at the final sampling. Similarly, Moreno et al. (2003b) reported a decrease in soil microbial biomass-C for the treatments that had received higher rates of Ni. Similar results were also reported by Kupermam & Carreiro (1997) in a contaminated grassland ecosystem. The response of soil microorganisms to an increase in the heavy metal concentration is complex and cannot be totally explained by a single rate-answer relation (Welp & Brümmer, 1997) . However, Chander and Brookes (1993) , investigating the effects of heavy metal enriched sludges observed that Ni alone or a combination of Ni (maximum of 53 mg kg -1 soil) with low concentrations of Zn did not show any adverse effects on soil microbial biomass in soils of England. Chander et al. (1995) working with metal-enriched sewage sludges also found that the total Ni concentration in a soil (Eutric Cambisol) at about the level of the currently permitted limits (75 mg kg -1 soil) did not decrease the amounts of microbial biomass-C. A negative correlation between microbial biomass-C with "total" (USEPA, 1986) and extractable Ni (Mehlich 1) was found at the beginning of the experiment and negative at the end (Table 1) .
Soil microbial biomass-N was not affected by the treatments for the first sampling ( Figure 3B ). At the final sampling, the lowest value was observed for the lowest rate of Ni, which was lower than the control, while for the highest rates of Ni the microbial biomass-N was similar to the control. At the end of the experiment, microbial biomass-N decreased for the treatments that received sewage sludge and did not receive NiCl 2 or that received low rates of the contaminant, showing that toxic products were liberated during the experimental period and that Ni improved N assimilation by the microorganisms, probably by a positive effect on enzyme activity as urease (Malavolta , 2006) . A positive correlation was found between microbial biomass-N with "total" and extractable Ni (Table 1) . The microbial biomass C/N ratio presented peaks of values at the two sampling times (Figure 4) . At the beginning, the peak was determined by the rate 746 mg kg -1 Ni, while at the end the peak was determined by the rate 502 mg kg -1 Ni. At the end of the experiment, that relationship was lower for all treatments, showing that soil microorganisms needed more C than N for maintaining their metabolism, confirming that under stress conditions, in this case caused by the liberation of toxic elements from the sewage sludge, the consumption of C is increased. A positive correlation between microbial biomass-C/N and "total" and extractable Ni was found at the two sampling times (Table 1) .
At the first sampling, the urease activity (Figure 5 ) increased when NiCl 2 was added to the sewage sludge, but decreased at the highest concentrations of the salt. At the second sampling, urease activity showed a light increase in activity with Ni concentration, which may be due to the enzyme activation, once Ni is a component of the active site (Malavolta et al., 2006) . The enzyme activity did not correlate with total or extractable Ni (Table 1) . Moreno et al. (2003a) also found that urease activity decreased as a function of the time, and that the enzyme activity decreased when Ni concentration in the soil increased. For this soil, urease activity was not a good indicator of the impact caused by the presence of Ni. Similarly, Carneiro et al. (2003) reported that the contamination with heavy metals provoked a severe decrease in microbial biomass, acid phosphatase and urease activity. Sewage sludge contaminated with the lowest rate of NiCl 2 caused an increase in the acid phosphatase activity at the first sampling, while the highest rates caused a decrease (Figures 6A) . At the end of the experiment, all the rates of NiCl 2 caused decrease in acid phosphatase activity. Considering that "total" and extractable Ni were higher at the end of the experiment when sewage sludge was contaminated with NiCl 2 , it is possible to conclude that the acid phosphatase is a potential indicator of soil impact cause by Ni. Acid phosphatase showed a peak of activity when sewage sludge was contaminated with 502 (first sampling) or 329 mg kg -1 Ni (second sampling). This suggests that a Ni-concentration in sewage sludge of 329 mg kg -1 can cause impact to the soil when estimated by acid phosphatase activity, a value that is very close to the limit of 420 mg kg -1 established by CETESB (1999). Moreno et al. (2003a) observed a decrease in soil acid phosphatase activity when the concentration of soil Ni increased, concluding that this enzyme was the most sensitive to detect soil contamination by this heavy metal.
Soil alkaline phosphatase at the first sampling showed a drastic decrease in activity when sewage sludge containing 329 mg kg -1 Ni was added to the soil, but an increase in sewage sludge Ni content by the addition of NiCl 2 to the waste partially recuperated the soil enzyme activity, which decreased by the addition of higher rates of the salt. (Figure 6B ). At the second sampling, the behavior of the enzyme was contrasted in relation to the first one, with the addition of a sewage sludge containing 329 mg kg -1 causing an increase in the enzyme activity, which decreased with the contamination of the residue with increasing rates of NiCl 2 . In general soil enzyme activity at the end of the experiment was higher when sewage sludge was added to the soil, contaminated or not with NiCl 2 . Similarly, Kuperman & Carreiro (1997) also found a reduction in the activity of the enzyme alkaline phosphatase. Andrade & Silveira (2004) also reported reduction in the alkaline phosphatase activity when the soil concentration of heavy metal increased. A negative correlation between alkaline phosphatase activity and "total" (USEPA, 1986) and extractable soil Ni was found at the end of the experiment (Table 1) .
CONCLUSIONS
Sewage sludge pre-contaminated with nickel increased the soil content of "total" (USEPA, 1986) and extractable (Mehlich 1) Ni. The soil microbial biomass-C, the C/N ratio of the soil microbial biomass, the acid and the alkaline phosphatase activities decreased with increasing rates of Ni in the sewage sludge. The soil microbial N, the C/N ratio of the soil microbial biomass, the acid phosphatase and the alkaline phosphatase activities were good indicators for estimating soil Ni impact caused by sewage sludge application, while urease was not. A Ni concentration of 329 mg kg -1 , which is slightly lower than the limit of 420 mg kg -1 established by CETESB (1999) for the use of sewage sludge in agricultural soils, caused negative effects on soil microorganisms and on soil acid and alkaline phosphatase activities. 
